Alterations in the function of the retromer, a multisubunit protein complex that plays a specialized role in endosomal sorting, have been linked to Alzheimer's and Parkinson's diseases, yet little is known about the retromer's role in the mature brain. Using in vivo knockdown of the critical retromer component VPS35, we demonstrate a specific role for this endosomal sorting complex in the trafficking of AMPA receptors during NMDA-receptor-dependent LTP at mature hippocampal synapses. The impairment of LTP due to VPS35 knockdown was mechanistically independent of any role of the retromer in the production of Ab from APP. Finally, we find surprising differences between Alzheimer's-and Parkinson's-disease-linked VPS35 mutations in supporting this pathway. These findings demonstrate a key role for the retromer in LTP and provide insights into how retromer malfunction in the mature brain may contribute to symptoms of common neurodegenerative diseases.
Correspondence malenka@stanford.edu
In Brief Temkin et al. demonstrate that the endosomal sorting complex, the retromer, is required for delivery of AMPA receptors during LTP. As retromer malfunction is linked to Alzheimer's and Parkinson's diseases, this finding has implications for understanding the pathophysiology of these common neurodegenerative diseases.
INTRODUCTION
The retromer is a multisubunit complex that acts at tubules on endosomes to sort vesicular cargo into egressing trafficking pathways. While it was initially implicated in retrograde endosomal transport to the trans-Golgi network, recent studies demonstrate that the retromer also supports specialized and regulated plasma membrane trafficking pathways, including localized recycling of cargo near the dendritic spine (Choy et al., 2014; Small and Petsko, 2015) . Depletion of retromer proteins affects localization of specific cargo and does not appear to affect bulk trafficking to the plasma membrane, yet the understanding of cargo selection and destination determination by the retromer is limited (Temkin et al., 2011; Steinberg et al., 2013) . Neurons, with their distinct functional domains and complex requirements for regulated trafficking, provide a fertile environment in which to study the role of this sorting complex.
The importance of elucidating retromer functions in the mature brain is supported by recent evidence indicating that alterations in retromer function may contribute to the etiology of both Alzheimer's and Parkinson's diseases (Small and Petsko, 2015) . In Alzheimer's disease, a relative decrease in multiple retromer proteins was found in disease-affected areas of the human brain (Small et al., 2005) . Studies have also linked the retromer to bidirectional modulation of Ab levels (Small et al., 2005; Muhammad et al., 2008; Sullivan et al., 2011; Wen et al., 2011) and found that decreasing retromer proteins exacerbates memory deficits in a mouse model of the disease (Wen et al., 2011) . In Parkinson's disease, a heritable, autosomal-dominant missense mutation in the core retromer protein VPS35 has been identified in several afflicted populations (Vilariñ o-G€ uell et al., 2011; Zimprich et al., 2011; Ando et al., 2012; Lesage et al., 2012) . Furthermore, the retromer appears to function downstream of another Parkinson's-associated protein, LRRK2, as evidenced by the finding that retromer overexpression is capable of rescuing several phenotypes caused by LRRK2 depletion (MacLeod et al., 2013) .
Previous studies on the role of the retromer in synaptic function have manipulated retromer or retromer-adaptor-protein levels at early developmental time points (Muhammad et al., 2008; Wang et al., 2013; Choy et al., 2014; Hussain et al., 2014; Loo et al., 2014; Tian et al., 2015) , when large morphological and physiological changes occur in neurons. Indeed, the retromer plays important developmental roles in establishing cell polarity, axonal guidance, and spineogenesis (Prasad and Clark, 2006; Pocha et al., 2011; Wang et al., 2012 Wang et al., , 2013 Hussain et al., 2014; Loo et al., 2014; Small and Petsko, 2015; Tian et al., 2015) . Here we bypass the developmental consequences of retromer manipulation and examine its role at mature synapses by performing in vivo retromer depletion at time points after synapses have formed and matured. As the symptoms associated with retromer malfunction are manifested late in life in human patients, this approach more closely approximates effects which might be found in relevant disease states.
RESULTS

Retromer Depletion at Mature Synapses Blocks LTP
To manipulate function of the retromer sorting complex, we used lentiviruses to deliver a validated shRNA against VPS35 (Choy et al., 2014) , which, when depleted, causes destabilization and degradation of multiple retromer components (Arighi et al., 2004; Seaman, 2004) . As shown previously (Choy et al., 2014) , this VPS35-knockdown (KD) shRNA robustly depletes VPS35 in mouse hippocampal cultures ( Figures 1A and 1B) . Lentiviruscontaining VPS35 shRNA was stereotaxically injected into the CA1 region of the hippocampus in P21 mice, and whole-cell voltage clamp recordings were made from CA1 pyramidal cells in acute slices prepared 10-20 days after infection ( Figure 1C ). Slices were only used when infections were limited to the CA1 hippocampal region, ensuring that effects from VPS35 KD were isolated to the postsynaptic cell. The effectiveness of the VPS35 KD in vivo was confirmed in CA1 pyramidal neurons in acute slices ( Figure S1A ).
We assessed NMDAR-dependent LTP using a standard tetanic stimulation protocol (Ahmad et al., 2012; Jurado et al., 2013; Jiang et al., 2016) and found that while uninfected control cells exhibited robust LTP, cells infected with the VPS35-KD virus did not, on average, express LTP ( Figure 1D ). Both input resistances (uninfected: 119.3 ± 15.8 MU, n = 18; VPS35 KD: 124.7 ± 15.0 MU, n = 18) and resting membrane potentials, assayed before the effects of cesium manifested (uninfected: À68 ± 3 mV, n = 7; VPS35 KD: À68 ± 2 mV, n = 8), were unchanged by VPS35 KD. The impairment in LTP caused by VPS35 KD was rescued by simultaneous expression of shRNA-resistant VPS35 (VPS35 KD + wild-type VPS35) ( Figure 1D ), providing strong evidence that the impairment of LTP caused by VPS35 KD was not due to off-target effects of the shRNA.
To determine whether the block of LTP by VPS35 KD was specific or due to general defects in plasticity mechanisms, we assayed NMDAR-dependent long-term depression (LTD) and found that it was unaffected by VPS35 KD ( Figure 1E ). We also assayed the effects of retinoic acid (RA), which increases synaptic AMPARs in a manner that precisely mimics one form of homeostatic synaptic scaling (Chen et al., 2014) . VPS35 depletion did not block this form of non-Hebbian synaptic plasticity in hippocampal slice cultures, nor did it alter basal mEPSC frequency (Figures S1B and S1C) . Together these data suggest that VPS35 plays a specific role in LTP and not a general role in activitydependent AMPAR trafficking.
If the retromer functions downstream of the Ca 2+ influx that is necessary to trigger LTP, presumably in the trafficking of AMPARs, VPS35 KD should block other forms of postsynaptic LTP. To test this prediction, we assayed LTP induced by repetitive activation of L-type Ca 2+ channels via voltage pulses during NMDAR blockade (Kullmann et al., 1992; Wyllie and Nicoll, 1994; Kato et al., 2009; Jiang et al., 2016) . Similar to NMDAR-dependent LTP, VPS35 KD blocked this form of LTP ( Figure 1F ) and did so without altering the current passed during the induction protocol ( Figure S1D ).
Retromer Depletion at Mature Synapses Does Not Alter Basal Synaptic Transmission As depleting VPS35 during early postnatal development causes deficits in basal excitatory synaptic transmission at CA1 synapses (Choy et al., 2014; Tian et al., 2015) , and as such effects may influence LTP, we examined basal synaptic properties in more mature VPS35-KD cells. Spontaneous synaptic transmission, as measured by the frequency and amplitude of AMPAR-mediated mEPSCs, showed no difference between control and VPS35-KD neurons (Figures 2A and 2B) . Similarly, the size of evoked AMPAR-mediated EPSCs as a function of stimulation strength was not different between sequentially recorded pairs of neighboring control and VPS35-KD cells ( Figure 2C ). These results suggest that functional synapse number and synaptic AMPAR levels were unaffected by postsynaptic depletion of VPS35. To assay synaptic NMDAR content, we evoked dualcomponent EPSCs and measured AMPAR:NMDAR ratios, which exhibited no difference in VPS35-KD cells ( Figure 2D ). We also assessed paired-pulse ratios at multiple interstimulus intervals to determine whether there were changes in presynaptic release probability and found no change ( Figure 2E ). Finally, to determine whether VPS35 KD might affect constitutive delivery of AMPARs to the extrasynaptic plasma membrane, a possible source of AMPARs during LTP (Granger et al., 2013) , we invoked AMPAR-mediated currents from nucleated somatic patches, a measure that is dramatically decreased in the GluA1-KO mouse (Zamanillo et al., 1999) . Again, VPS35 KD had no detectable effect ( Figure 2F ). These measurements of synaptic function suggest that postsynaptic depletion of VPS35 in mature CA1 pyramidal neurons does not grossly alter either basal delivery of NMDARs or AMPARs to synapses or the constitutive delivery of AMPARs to the plasma membrane. However, spine density on CA1 pyramidal cells' secondary dendrites in stratum radiatum was modestly decreased in VPS35-KD cells ( Figure 2G ). The lack of an electrophysiological correlate of this spine density decrease suggests that VPS35 KD caused the loss of immature spines lacking detectable levels of AMPARs and NMDARs.
Retromer Depletion Prevents Insertion of AMPARs During LTP To further investigate the mechanism of LTP blockade by VPS35 KD, we conducted real-time AMPAR trafficking experiments in cultured hippocampal neurons expressing superecliptic, pHluorin-tagged AMPAR subunit GluA1 (SEP-GluA1). We validated the function of the recombinant SEP-GluA1 at synapses in two ways. First, we recorded EPSCs from cultured neurons prepared from GluA1-knockout mice. While EPSCs from control GluA1-KO neurons were insensitive to the polyamine NASPM, which blocks GluA2-lacking AMPARs (Isaac et al., 2007) , EPSCs from neurons expressing SEP-GluA1 were reduced by NASPM ( Figure 3A) . Second, while LTP was absent in CA1 pyramidal neurons from GluA1-KO animals (Zamanillo et al., 1999) , in vivo expression of SEP-GluA1 rescued LTP ( Figure 3B ). These results demonstrate that SEP-GluA1 forms functional receptors that can traffic to synapses during LTP. To track the membrane delivery of SEP-GluA1, which is fluorescent at neutral pH, but not in the acidic environment of endosomes (Miesenbö ck et al., 1998), we photobleached the entire cell and then induced chemical LTP (Ahmad et al., 2012; Jurado et al., 2013) . In control cells, surface SEP-GluA1 increased following LTP induction, while this increase was absent in VPS35 KD cells and in uninduced control cells (Figures 3C). These results suggest that the role of the retromer in LTP is upstream of AMPAR insertion. To assess whether trafficking was generally perturbed in VPS35-KD cells, we assayed trafficking of the transferrin receptor (TFRC), a nutrient uptake receptor that constitutively traverses multiple pathways in recycling to the plasma membrane from endosomes (Maxfield and McGraw, 2004) . TFRC-SEP recovery after photobleaching was unaltered in VPS35-KD neurons ( Figure 3D ).
To more directly assess possible effects of VPS35 KD on AMPAR endosomal trafficking, we performed antibody feeding experiments to label surface-GluA1-containing AMPARs. Although constitutive endocytosis of GluA1 and surface AMPAR levels were unaffected by VPS35 KD (Figures S2A and S2B), VPS35 KD shifted the distribution of internalized AMPARs away from the early endosomal compartment as defined by colocalization with EEA1 ( Figure 3E ). Early endosome size and numbers were unaltered in VPS35 KD neurons as defined by EEA1 antibody staining (Figures 3F and 3G) . These results are consistent with a model in which the retromer plays an endosomal-sorting roleeither in trafficking AMPARs into or creating ''LTP-ready'' vesicles that can be inserted upon Ca 2+ influx ( Figure 3H ).
LTP Block by Retromer Depletion Is Independent of Ab Production
Loss of retromer function can result in increased amyloid precursor protein (APP) processing into Ab (Small et al., 2005; Muhammad et al., 2008; Sullivan et al., 2011; Wen et al., 2011; Small and Petsko, 2015) ; this can alter several synaptic parameters, including the ability to undergo LTP (Mucke and Selkoe, 2012) . Therefore, the lack of LTP in VPS35-KD cells may be caused by increased Ab production. To test this hypothesis, we assayed LTP in APP-KO mice, which are incapable of producing Ab (Zheng et al., 1995) . VPS35 KD still blocked LTP in APP-KO cells, which expressed robust LTP ( Figure 4A ). Thus, the block of LTP by VPS35 KD is independent of any effect on APP processing. VPS35 L625P mutation is a de novo mutation found in an individual with Alzheimer's disease (Rovelet-Lecrux et al., 2015) . Although these mutations occur within five amino acids of each other, there is evidence suggesting that they have distinct consequences: the D620N mutation reduces binding of VPS35 to an actin nucleation complex, WASH, and the L625P mutation reduces binding to the core retromer proteins VPS26 and VPS29 (McGough et al., 2014; Rovelet-Lecrux et al., 2015) . When expressed in hippocampal cultures, these mutants exhibited localization at the early endosome similar to that of wild-type VPS35 and did not detectably alter endosome size or distribution in the primary dendrite ( Figures 4B-4D and S3A-S3D). Furthermore, these constructs did not alter surface GluA1 levels or constitutive endocytosis rates ( Figures S2A and S2B) . Surprisingly, when we coexpressed shRNA-resistant forms of VPS35 D620N or VPS35 L625P with the VPS35 shRNA, the Alzheimer's disease mutation supported LTP, while the Parkinson's mutant did not ( Figure 4E ).
DISCUSSION
We have presented evidence that postsynaptically depleting the key retromer component VPS35 in mature synapses leads to a specific deficit in LTP without detectably altering basal synaptic function or influencing other forms of synaptic plasticity. These data suggest that, like the specialized SNARE machinery involved in LTP (Ahmad et al., 2012; Jurado et al., 2013) , the retromer plays a specific role in the delivery of AMPARs to synapses during LTP. This defect in LTP occurs downstream of Ca 2+ influx and upstream of AMPAR exocytosis, suggesting that the retromer functions either in sorting of AMPARs into the LTPready AMPAR-containing vesicle or directly in the formation of this vesicle ( Figure 3H ). These findings also provide support for the hypothesis that the trafficking mechanisms mediating constitutive delivery of AMPARs to the plasma membrane are distinct from those mediating the more rapid, local delivery of AMPARs triggered by the induction of LTP (Brown et al., 2007; Ahmad et al., 2012; Jurado et al., 2013; Zheng et al., 2015) . Although we found no differences in direct measurements of synaptic function, we observed a modest decrease in spine density following VPS35 KD ( Figure 2G ). One explanation for these results is that VPS35 KD caused a decrease in the formation and/or maintenance of immature spines that either contain undetectable levels of AMPARs and NMDARs or are functionally presynaptically silent. Such spines would not contribute to electrophysiological measurements. The decrease in spine number due to VPS35 KD is consistent with previous studies that have developmentally manipulated retromer function (Wang et al., 2012; Tian et al., 2015) and may reflect impairment of ongoing spine formation in vivo in CA1 pyramidal neurons (Attardo et al., 2015) . Importantly, a decrease in spine density is an observation that cannot account for any of our results on the effects of VPS35 KD on LTP and AMPAR trafficking.
The lack of effect of VPS35 KD on basal synaptic transmission in young adult mice differs from a previous study in which large reductions in AMPAR-and NMDAR-mediated EPSCs were observed (Choy et al., 2014) . Our negative findings also differ from work in cultured neurons reporting that impairment of retromer function via manipulations of VPS35 or the adaptor protein SNX27 influences constitutive AMPAR trafficking to the plasma membrane (Hussain et al., 2014; Tian et al., 2015) . Significant methodological differences likely account for the differences in results. We performed in vivo, lentivirus-mediated VPS35 KD in the CA1 region of P21 mice and assayed synaptic function in acute slices prepared 10-20 days later, a time point at which synapse formation is essentially complete and effects on mature synaptic function can be assayed. Previous work assaying synaptic function following VPS35-KD-transfected individual CA1 pyramidal neurons in slice cultures prepared from P6 rats (Choy et al., 2014) , a preparation in which there is ongoing synapse generation and loss. Similarly, cultured neurons undergo robust synaptogenesis during the first 10-14 days in vitro. At this early developmental stage, VPS35 KD and manipulations of SNX27 may influence neuronal growth and synaptogenesis such that fewer excitatory synaptic connections are formed (Wang et al., 2012 (Wang et al., , 2013 Tian et al., 2015) . SNX27 manipulations may also have effects on AMPAR trafficking in culture that are distinct from those caused by VPS35 KD (Steinberg et al., 2013) .
In addition to establishing a role for the retromer in a highly regulated plasma membrane insertion pathway in neurons, our findings have implications for understanding the role of the retromer in neurodegenerative diseases. In Alzheimer's disease, our findings suggest that retromer dysfunction, in addition to influencing Ab processing (Small et al., 2005; Muhammad et al., 2008; Sullivan et al., 2011; Wen et al., 2011; Small and Petsko, 2015) , may directly cause LTP impairment-and thereby memory defects-in an Ab-independent manner. Surprisingly, the VPS35 missense mutation associated with Alzheimer's disease rescued LTP, but the well-established familial Parkinson's mutation VPS35 D620N did not. This suggests a possible mechanism contributing to the cognitive defects in Parkinson's patients with this genotype and other Parkinson's patients who may express retromer dysregulation (MacLeod et al., 2013) . Further work will be necessary to identify the AMPAR-containing endosomes that require retromer function for their delivery to the plasma membrane during LTP and to discover how disease-associated mutations in key retromer proteins influence this process.
STAR+METHODS
Detailed methods are provided in the online version of this paper and include the following: For experiments performed in GluA1 KO (Zamanillo et al., 1999) animals in the CD1 background, male P21-23 mice at 18-21 g were used. Mice were maintained in groups of 5 or less with 12 hr on/off light cycles. All experiments were performed in accordance with US National Institutes of Health guidelines and approved by the Stanford University Administrative Panel on Laboratory Animal Care.
Dissociated Neuronal Cultures
Dissociated hippocampal cultures were prepared from newborn CD1 mice as previously described (Bhattacharyya et al., 2009 ). Sex of pups was not determined. Briefly, hippocampi were isolated and incubated with a digestion solution containing papain for 30 min at 37 C. A papain inactivation solution containing fetal bovine serum and bovine serum albumin was then applied. Tissue was triturated and cells were plated on poly-D-lysine coated glass coverslips placed in 12 mm wells at a density of 75,000 cells per coverslip (for imaging studies) or 150,000 cells per coverslip (for western blot). Wells contained Neurobasal A media (Invitrogen) supplemented with B-27 (Invitrogen) and Glutamax (Invitrogen). Glial growth was inhibited by FUDR at DIV 3 or 4 and fresh medium was provided every 3-4 days. The cells were infected with lentiviruses at DIV 10 and processed for experiments 10-12 days later.
Organotypic Hippocampal Slice Cultures
Organotypic slice cultures were prepared from young male C57/BL6 mice (postnatal day 6 to 7) and maintained on semiporous membranes (Millipore) for 7 to 8 days prior to recording (Arendt et al., 2015; G€ ahwiler et al., 1997) . Slices were sparsely infected on DIV0 in the CA1 region with VPS35 KD lentivirus using a picospritzer. Briefly, slices were maintained in an MEM based culture media (pH 7.25; osmolarity 320) comprised of (in mM): 1 CaCl 2 , 2 MgSO 4 , 1 L-glutamine, 1 mg/L insulin, 0.0012% ascorbic acid, 30 HEPES, 13 D-glucose, and 5.2 NaHCO 3 . Cultures were maintained in an incubator with 95% O 2 and 5% CO 2 at 34 C.
METHOD DETAILS
Plasmid Construction
The lentiviral vector used for the majority of experiments was pHUGW, a vector based on FUGW (Schl€ uter et al., 2006) . The vector includes the HIV-1 flap sequence, an H1 promoter for expressing shRNA, the human polyubiquitin promoter-C, and WRE element. As previously described, to knockdown VPS35 the following shRNA sequence (5 0 -GAACATATTGCTACCAGTA-3 0 ) was introduced (Choy et al., 2014) . In most experiments the ubiquitin promoter was used to express EGFP. In TFRC-SEP experiments, EGFP was replaced with tdTomato, to allow visualization of coinfection. For rescue experiments, the EGFP stop codon was removed and was follow by the auto cleavage peptide p2a (5 0 -GGTGGTGGCTCGGGGGGAGGAGCGACAAACTTTAGCTTGCTGAAG CAAGCTGGTGACGTTGAGGAGAATCCCGGACCATCG-3 0 ) and then c-terminally mRuby tagged human VPS35, a generous gift from the Bonifacino lab. To make the recombinant VPS35 shRNA resistant, site directed mutagenesis was used to change the shRNA targeted sequence, where bold nucleotides represent silent mutations (5 0 -GAGCACATAGCGACGTCTA-3 0 ). To produce the disease relevant VPS35 missense mutations the following primers were used for site directed mutagenesis (D620N: 5 0 -GTATGAAGAT GAAATCAGCAATTCCAAAGCACAGCTAGC-3 0 , L625P: 5 0 -CAAGGTGATGGCAGCTGGCTGTGCTTTGGAATC-3 0 ). For experiments utilizing SEP-GluA1, the lentiviral backbone vector used was FSW, a generous gift from the Sudhof lab. The FSW vector includes the HIV-1 flap sequence, synapsin promoter, and WRE element. Expressed off the synapsin promoter, the SEPGluA1 construct was modified from a SEP-GluA1 construct from the Ehlers' lab (Kennedy et al., 2010) . The version constructed for this paper contained the following elements in order: signal peptide from influenza hemagglutinin (Guan et al., 1992) , FLAG epitope, SEP (Miesenbö ck et al., 1998), TEV Protease site, rat GluA1 (M38060) nucleotides 64-2721, HA epitope, TEV protease site, myc epitope, and a repeat of the last 7 amino acids from GluA1. In experiments where VPS35 was depleted alongside SEPGluA1 expression, H1 promoter and VPS35 shRNA sequence were subcloned from the aforementioned pHUGW construct and inserted at the NotI site in FSW. TFRC-SEP, also from the Ehlers' lab (Kennedy et al., 2010) , was subcloned into pHUGW.
Lentiviral Production
Lentiviruses were produced by transfection of HEK293T cells with four plasmids, the lentiviral shuttle vector, pVSVG, pRRE and pREV, using Lipofectamine 2000 (Thermofisher). The HEK293T culture media was collected 40-44 hr after transfection, and spun at 900 x g to remove cellular debris followed by centrifugation at 50,000 x g to concentrate the virus. Concentrated virus was dissolved in a small volume of medium, aliquoted, and stored frozen at À80 C.
Stereotaxic Injection
Briefly, animals were anesthetized with a mixture of ketamine (60 mg/kg body weight) and dexmedetomidine (0.6 mg/kg body weight) by intraperitoneal injection. Mice were immobilized on a Kopf stereotaxic apparatus and bilateral small holes were made in the skull at À1.6 mm posterior and À1.6 mm lateral to bregma for injection in the CA1 region of the hippocampus. Glass cannula filled with viral solution was lowered to a depth of 1.35-1.40 mm (from the dura) and the viral medium (0.5 ml) was injected using a microinjection pump (Harvard Apparatus) at a flow rate of 0.1 ml/min on each hemisphere sequentially. The scalp was then sealed and Atipamezole (.6 mg/kg body weight) was injected by intraperitoneal injection to reverse the effect of dexmedetomidine.
Electrophysiology in Slices
Animals were anesthetized with isofluorane 10 to 20 days following the in vivo injection of virus, and the brains were rapidly removed and placed in ice-cold, high sucrose cutting solution containing (in mM): 228 sucrose, 26 NaHCO 3 , 11 glucose, 2.5 KCl, 1 NaH 2 PO 4 , 7 MgSO 4 , and 0.5 CaCl 2 . Slices were cut on a Leica vibratome in high sucrose cutting solution, and immediately transferred to an incubation chamber containing artificial cerebrospinal fluid (ACSF) containing (in mM) 119 NaCl, 26 NaHCO 3 , 10 glucose, 2.5 KCl, 1 NaH 2 PO 4 , 1.3 MgSO 4 , and 2.5 CaCl 2 . The slices were allowed to recover at 32 C for 30 min before being allowed to equilibrate at room temperature for a further 1 hr. During recordings, the slices were placed in a recording chamber constantly perfused with heated ACSF (28-30 C) and gassed continuously with 95% O 2 / 5% CO 2 . All recordings were made with the GABA-A receptor antagonist picrotoxin (50 mM) added to the ACSF. Whole-cell recording pipettes (3-5 MU) were filled with a solution containing (in mM) 135 CsMeSO 4 , 8 NaCl, 10 HEPES, 0.25 EGTA, 2 Mg 2 ATP, 0.3 Na 3 GTP, 0.1 spermine, and 7 phosphocreatine (pH 7.35-7.4; osmolarity 297-299).
Data were collected with a MultiClamp 700A amplifier (Axon Instruments) and digitized at 10 kHz with a 2 kHz low pass filter using the A/D converter ITC-18 (Instrutech Corporation). All electrophysiological data were acquired and analyzed using the Recording Artist package (Dr. Rick Gerkin) written in Igor Pro (Wavemetrics). All experiments examining LTP were analyzed blindly without knowledge of the specific virus that had infected that cell. CA1 pyramidal cells were visualized by infrared differential interference contrast and GFP positive neurons were identified by epifluorescence on an upright microscope (Eclipse E600FN, Nikon). A double-barreled glass pipette filled with ACSF was used as a bipolar stimulation electrode and was placed in stratum radiatum to evoke EPSCs in CA1 pyramidal cells. Cells were held at À70 mV to record AMPAR EPSCs while stimulating afferent inputs at 0.1 Hz. In a subset of cells, after break-in we rapidly switched to current clamp prior to internal equilibration to measure resting membrane potential. Slices were only used when infections were limited in the CA1 hippocampal region, ensuring that effects from VPS35 KD are isolated to the postsynaptic cell.
LTP was induced by 2 trains of high frequency stimulation (100 Hz, 1 s) separated by 20 s, while cells were depolarized to 0 mV. This induction protocol was always applied within 11 min of achieving whole-cell configuration, to avoid ''wash-out'' of LTP. Voltage pulse LTP was induced under constant perfusion of 5 mM Bay K 8644 and 50 mM D-AP5 by voltage stepping the cells to +10 mV for 1 s with an interstimulus interval of 7 s for a total of twenty times. To induce LTD, cells were held at À40 mV and given a train of 600 stimuli at 1 Hz. To generate summary graphs, individual experiments were normalized to the baseline and were averaged to generate 1 min bins. These were then averaged together to generate the final summary graphs. The magnitude of LTP and LTD was calculated based on the EPSC values 41-45 min after the end of the induction protocols.
The AMPAR:NMDAR ratio was calculated as the peak averaged AMPAR EPSC (20-30 consecutive events) at À70 mV divided by the averaged NMDAR EPSCs (20-30 consecutive events) measured at 50 ms after the onset of the dual component EPSC at +40 mV. AMPAR mEPSCs were recorded in the presence of 0.5 mM TTX holding the cells at À70 mV. Input-output relationships were calculated by measuring average EPSCs at various stimulation intensities in neighboring infected and uninfected cells, within 4 cell bodies of each other, sequentially without moving the stimulating electrode.
Nucleated outside-out patches were pulled from hippocampal CA1 pyramidal neurons. Patches were voltage-clamped at À70 mV. s-AMPA (10 mM) was applied to the patches using a Picospritzer II (Parker Hannifin Corp.) in the presence of cyclothiazide (100 mM), D-APV (25 mM), picrotoxin (50 mM), and tetrodotoxin (0.5 mM). Application of s-AMPA was 1 s at 6 psi, applied every 30 s.
Electrophysiology in Dissociated Cultures
To assay function of the SEP-GluA1 construct, primary hippocampal cells were recorded at À70 mV using the same equipment, parameters, internal, and ACSF as for acute slice recording. After obtaining a 5 min baseline using 0.1 Hz extracellular stimulation to evoke EPSCs, the coverslip was perfused with NASPM (200 mm). Average EPSC amplitudes were calculated by binning 5 consecutive events and normalized to baseline.
Electrophysiology in Organotypic Slice
Whole-cell voltage-clamp recordings were obtained from CA1 pyramidal neurons treated with either DMSO (vehicle control) or 10 uM RA for 4 hr prior to recording mEPSCs at a holding potential of À60 mV. All experimental measurements were interleaved in the same sets of slices, same region in CA1, and on the same days.
The recording chamber was perfused with (in mM) 119 NaCl, 2.5 KCl, 4 CaCl2, 4 MgCl2, 26 NaHCO3, 1 NaH2PO4, 11 glucose, 0.1 picrotoxin, 1 TTX, and 4 uM 2-chloroadenosine, at pH 7.4, gassed with 95% O 2 / 5% CO 2 and held at 30 C. Patch recording pipettes (3-6 MU) were filled with (in mM) 115 cesium methanesulfonate, 20 CsCl, 10 HEPES, 2.5 MgCl2, 4 Na2ATP, 0.4 Na3GTP, 10 sodium phosphocreatine, and 0.6 EGTA at pH 7.25.
Chemical LTP Protocol and Live Cell Imaging
Hippocampal cultures were thoroughly washed with extracellular solution (ECS) containing (in mM): 150 NaCl, 2 CaCl 2 , 5 KCl, 10 HEPES, 30 Glucose, 0.001 TTX, 0.01 strychnine, and 0.03 picrotoxin (pH 7.4). After washing, coverslips were mounted on a live imaging chamber immersed in extracellular solution (ECS) at 37 C. Initially, a Z stack image of an entire transfected neuron was obtained with 40X 1.3 NA oil-immersion objective, mounted on a Nikon A1 laser-scanning confocal microscope. High laser power was then used to scan and photo-bleach the entire cell. Immediately after photo-bleaching, another Z stack image was taken to ensure more than 95% reduction of the fluorescence intensity for SEP-GluA1. Glycine (500 mM) in ECS solution was then perfused into the chamber for 3-4 min to induce chemical LTP 7 followed by ECS (no glycine) perfusion at 37 C for the following 20 min. A series of Z stack images were obtained after glycine application at 5 min intervals in order to capture the recovery of fluorescence, which reflects delivery of SEP-GluA1 to the plasma membrane. TFRC-SEP experiments, were performed similarly, with two differences. First, TFRC-SEP did not photo-bleach as readily, bleaching was performed at full intensity 3 times. Second, no glycine was applied to TFRC-SEP cells after photo-bleaching.
Z-projections were obtained from each time point using Nikon's maximum intensity projection method. Images from multiple time points were then stacked as time-series in ImageJ (Schneider et al., 2012 ). This time series was then precisely aligned using 'StackReg' plugin in ImageJ. 50 mm dendritic segments were used for quantification of fluorescence intensity, emitted from SEP-GluA1 expressed at the cell surface. A mask of a dendritic segment was created using the first image (prebleach) of the time series and then applied on all images to extract integrated intensity under the same mask for two different conditions. Each intensity value was then normalized with respect to the initial intensity.
Immunocytochemistry and Fixed Cell Imaging
All neuronal cultures were fixed with 4% paraformaldehyde and 4% sucrose in PBS for 15 min on ice. Cells were permeabilized using 0.05% Triton X-100 for 30 min at room temperature. Fixed cells were imaged on a Nikon A1 laser scanning confocal using a 60x 1.4 NA oil objective. Primary antibodies used were goat anti-EEA1 (Santa Cruz, sc6415, 1:250) and rabbit anti-VPS35 (Abcam, ab157220, 1:250). All images were acquired with parameters maintaining Nyquist criteria for digital microscopy. For images in which EEA1 and VPS35 particles were quantified, images within a set were acquired with the same acquisition parameters, turned into maximum projections, thresholded to the same level, and particles were analyzed in the primary dendrite using the ImageJ utility ''analyze particle.'' For antibody feeding experiments, neurons expressing SEP-GluA1 were incubated with M1 anti-FLAG (Sigma, F3040, 1:1000) for 2 hr and cells were washed three times with cold PBS supplemented with 0.04% EDTA to strip surface M1 antibody prior to fixation and permeabilization. EEA1 staining was thresholded and that mask was used as an image multiplier to isolate internalized receptor in early endosomes. Fluorescence of the masked portion was divided by the total unmasked receptor fluorescence to calculate the % SEP-GluA1 in the EEA1 vesicles. Values were background corrected using an empty section of the image.
Quantification of surface GluA1 and constitutive endocytosis of endogenous GluA1 was measured as previously described (Bhattacharyya et al., 2009 ). For surface labeling of GluA1, in brief, fixed, nonpermeabilized hippocampal cultures were labeled with antiGluA1 (EMD Millipore, PC246, 1:50) and average intensity of dendritic regions was quantified and normalized to intensity levels in control cells. For endocytosis, in brief, cultured neurons were incubated for 10 min at 37 C with anti-GluA1 antibody (EMD Millipore, PC246, 1:20) diluted in conditioned media before being washed with PBS and returned to conditioned media for a further 20 min incubation. Cells were then labeled successively under saturating conditions with two different secondary antibodies, first to label surface receptor, and then permeabilized to label internal receptor.
For spine imaging experiments, littermates were sacrificed 20 days after injection with either GFP or VPS35 KD lentivirus and brains were fixed for 24 hr with 4% paraformaldehyde and 4% sucrose in PBS at 4 C degrees. Brains were sliced at 50 mm, mounted, and imaged on a Nikon A1 laser scanning confocal using a 40x 1.3 NA oil objective. Spines in images of secondary dendrites in the stratum radiatum were counted manually using the ImageJ plugin ''Cell Counter'' and the length of the dendritic section was then calculated using the plugin ''Simple Neurite Tracer'' (Longair et al., 2011; Schneider et al., 2012 ). An average of 130 mm and minimum of 80 mm was analyzed per image. All brains were imaged and analyzed blindly.
For antibody staining of VPS35 in slices, slices from a mouse sacrificed 13 days after injection were prepared as if for electrophysiology. After recovery in ACSF, slices were fixed for 30 min with 4% paraformaldehyde and 4% sucrose in PBS on ice before being permeabilized with 0.1% Triton X-100 and being stained with rabbit anti-VPS35 (Abcam, ab157220, 1:250). They were then imaged on a Nikon A1 laser scanning confocal using a 40x 1.3 NA oil objective. Quantification of VPS35 depletion in infected cells was performed by calculating average somatic fluorescence in an infected cell and dividing it by the average somatic fluorescence in an adjacent uninfected cell.
Western Blots
Cells were harvested by scraping in lysis buffer (0.2% Triton X-100, 50 mM NaCl, 5 mM EDTA, 50 mM Tris at pH 7.4 and complete EDTA-free protease inhibitor cocktail (Roche)). This lysate was supplemented with NuPage LDS buffer and beta-mercaptoethanol and heated to 50 degrees for 15 min. Samples were loaded on Bis-Tris gels (Invitrogen), transferred onto PVDF membranes and blotted with the indicated primary antibodies. Signals from 680RD-labeled secondary antibodies were detected using a Li-Cor Odyssey CLx. Primary antibodies used were rabbit anti-VPS35 (Abcam, ab157220, 1:1000) and mouse anti-GAPDH (Ambion, am4300, 1:2000).
QUANTIFICATION AND STATISTICAL ANALYSIS
All graphs show individual data points (no error bars) or means ± SEMs. Experimental ''n'' values are given in all figure panels and described in the relevant figure legend. Statistical significance was calculated between interleaved control cells and test cells using Graphpad (Prism). For datasets with only one experimental variable and two groups, unpaired t tests were used. For datasets with one experimental variable and three groups, single-factor Anova was performed with Bonferroni post-test. For datasets with two experimental variable (virus and time) two-way Anova were performed with Bonferroni post-test. Statistical tests were performed as two-tailed variants. Approximate sample set sizes were determined in advance using power analysis performed on historical data from the lab. This analysis suggested n values of 6 to 8 were needed to detect effects on LTP. Sufficient numbers of mice were injected to obtain roughly double that set size in order to accommodate for experimental loss due to off target injections and experimental variability.
